The production cross sections of tritium from oxygen have been measured in p-Be and p-Li neutron fields installed at the sectorfocusing (SF) cyclotron of the Institute for Nuclear Study (INS), University of Tokyo. Irradiations were performed with the semi-monoenergetic neutrons produced from the 9 Be(p,n) 9 B reaction at proton energies from 20 up to 40 MeV in 2.5-MeV steps, and those from 7 Li(p,n) 7 Be in 5-MeV steps with proton intensities of 2-5 μΑ, which yields neutron flux densities from 10 7 to 10 s n/cm 2 /sec at the position of sample irradiation. The neutron energy spectra were determined by an NE-213 scintillation counter. The tritium produced in the water used as the oxygen target was extracted by a distillation method, and measured by a liquid scintillation counter. The excitation functions for the 16 0(n,t) 14 N reaction, measured by the p-Be and p-Li neutrons, agreed well with each other within the experimental uncertainties. The obtained results have been compared with the general trend in the (n,t) cross sections as a function of the atomic number of the target appearing in the literature.
Introduction
A number of experimental data of neutron activation cross sections for incident energies of less than 20 MeV have been reported and are summarized in the literature [1, 2] . On the other hand, those for energies of higher than 20 MeV are quite insufficient, because of some difficulties in preparing a monoenergetic neutron source above 20 MeV. At present evaluated data files for the higher energies exist only for a few elements [3] . The importance of these cross sections has recently been increasing in the areas of cosmo-science [4] , neutron damage studies, induced activation evaluation and accelerator shielding [5] . Among fast-neutron cross sections, data for the (n,t) reactions have systematically been surveyed in the interactions of 14.6 MeV neutrons with aluminum to bismuth [6, 7] as well as for fast neutrons with continuous energy spectra produced in the break-up of 30 and 53 MeV deuterons [8, 9] . The general trend in the obtained (n,t) cross sections is a constantly decreasing function of the atomic number (Z) of the target in the region of Ζ = 10-16, and a leveling off at higher Z, the probability of triton emission is relatively independent of the target nucleus in the medium-to-heavy mass region. The (n,t) cross section for very light nuclei is predicted to be exceptionally large due to deuteron and triton cluster formation which facilitates direct reactions such as deuteron pick-up and triton knock-out [ 
6]·
An intense neutron beam source in the energy range from 20 to 40 MeV using the 9 Be(p,n) 9 B reaction was first installed at the INS SF cyclotron. The activation cross sections for the ,6 0(n,t) reaction were measured by the p-Be neutron field at proton energies from 20 to 40 MeV in 5-MeV steps. However, there were some problems in the data analysis, since the energy spectrum of the neutrons produced in this field is not purely monoenergetic. A high-energy peak from the 9 Be(p,n) 9 B reaction is quite broad with a low-energy tail coming from higher excited states of 9 B. Due to the broadness of the peak neutron energy, the unfolding method is required in estimating the excitation function from the measured activation rates of irradiated samples. The application of an unfolding technique brought about an unavoidable ambiguity in determining the excitation functions. Therefore, the cross-section measurements were repeated at the same proton energy range in 2.5-MeV steps, and duplicate or triplicate runs at each irradiation energy were performed to obtain the final result in this neutron field.
Subsequently, the neutron beam source using the 7 Li(p,n) 7 Be reaction was substituted for the one using 9 Be(p,n) 9 B in order to pursue better monochromaticity of the neutron energy spectrum. By using p-Li neu- trons, it became possible to determine the reaction cross sections more accurately and easily. The cross sections for the 16 0(n,t) reaction were determined by a single run at each proton energy from 20 to 40 MeV in 5-MeV steps. We are now measuring the cross sections especially for reactions with higher threshold energies than ~15 MeV at the p-Li neutron field in INS.
In this paper we report on the excitation function for the l6 0(n,t) 14 N reaction measured in both the p-Be and the p-Li neutron fields. The obtained results were compared with the systematics of the cross sections for the (n,t) reactions obtained by the 14.6 MeV neutrons and the deuteron break-up neutrons. The cross sections obtained in this work are indispensable from the view point of radiation safety, especially for estimating tritium accumulation in the cooling water at accelerator facilities. Also, these data give valuable information regarding tritium production by secondary cosmic-ray neutrons in the upper level of the atmosphere together with data for the 14 N(n,t) reaction [10] .
Experimental

p-Be neutron field
Since the target system for the p-Be neutron field used in this work has been published in detail by Uwamino et al. [11] , it is described briefly here. The neutrons were produced by the interaction between protons with energies of 20-40 MeV at 2.5-MeV steps and a beryllium target with 1 mm thickness in the cases of E p = 20-37.5 MeV or with 2 mm in E p = 40 MeV. The incident protons lose a part of their energy at the beryllium target, and finally stop in the water coolant of the target.
The energy spectra of neutrons produced in the forward direction were measured by a 51 mm φ X 51 mm NE-213 liquid scintillation counter placed 1.1 m downstream from the beryllium target. The pulse-height distribution was converted to an energy spectrum by the unfolding method using a calculated response function. Fig. 1 shows an example of the neutron energy spectrum measured at E p = 40 MeV.
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The energy dispersions observed in Fig. 1 are due to the energy loss of protons in the beryllium target, the existence of two reaction channels leading to ground and excited levels of 9 B and the natural line widths of the levels of 9 B. The energy loss of the incident protons was estimated to be 2.3 MeV (at E p = 37.5 MeV) to 4.3 MeV (at 20 MeV) in 1 mm thick beryllium and 4.7 MeV (at 40 MeV) in 2 mm beryllium from the range-energy relation [12] , The spectra also include the background of the lower energy continuum, resulting from scattering and nuclear reactions in the water coolant used to stop the primary proton beam. The proton beam current during irradiation was monitored by a Faraday-cup connected to a digital current integrator. The absolute intensity of the neutron flux for each irradiation was checked by comparing the calculated radioactivities based on the neutron spectra with the observed values for the monitor reaction, 27 Al(n,a) 24 Na, of which cross sections were taken from Ref. [1] , The neutron fluxes obtained by the current integrator agreed with those calculated using the monitor reaction within ±10% at E p < 30 MeV and ±20% at the higher energies.
p-Li neutron field
The target system of the p-Li neutron field comprised of a 2 mm thick Li ( 7 Li 99.98% enriched) target backed by a 12 mm thick carbon (graphite) used as a beam stopper for the primary protons, as shown in Fig. 2 . The lithium target was fixed in an aluminum target holder, which enabled the target to slide up and down manually. This made it possible to irradiate samples using two types of target systems: one was a lithium-plus-carbon target; the other was an only carbon target. The proton beam current was monitored with a digital current integrator, as in the case of the p-Be field. The target system was cooled by blowing air to the target chamber during irradiation.
The neutron spectrum from this target system was measured at the time-of-flight (TOF) facilities at the Cyclotron and Radioisotope Center (CYRIC) of Tohoku University, since no beam-chopping system for the TOF measurement exists in the cyclotron facility at INS. A 127 mm φ X 127 mm NE-213 scintillator was placed about 10 m away from the target.
The neutron spectrum produced from the lithium target (<Z> Li ) was estimated from the difference of the two spectra <£ Li+c and <P C produced from the Li+C and C target systems, respectively, <Pu(£) = <ZY, + c(£) -ΦΛΕ).
(
The monoenergetic peak neutrons produced by 7 Li(p,n) correspond to the reaction rate for the production of the ground and the first excited (0.43 MeV) states of 7 Be, because the higher excited states of 7 Be decay through proton and alpha-particle emissions. Therefore, the absolute value of the monoenergetic peak neutron spectrum at 0° (Φ(Ε Ρ )), which is needed to estimate production cross section, can be obtained from the 7 Be yield produced by 7 Li(p,n) at 0° as follows:
\ do J e , 0 where iV( 7 Li) is the number of 7 Li atoms in the target, /" the number of incident protons and (da/dü) e=0 the differential cross section of 7 Li(p,n) in the monoenergetic peak at 0°. Also, the number of 7 Be produced from 7 Li(p,n) (N( 7 Be)) is given by 7V(
Here, σ is the total cross section of 7 Li(p,n) 7 Be, that is By combining Eqs. (2) and (3), the peak neutron yield at 0° can be obtained as
The relative angular distribution of the peak neutrons ((da/dQ) was measured by rotating the angle of the incident proton beam from 0 to 125° at E p = 20-40 MeV using the beam swinger system at CYRIC. The radioactivity of 7 Be produced in the lithium target was measured by gamma-spectrometry with a Ge detector. Fig. 3(a) shows two neutron spectra from the Li + C and the C targets measured at E p = 40 MeV, and (b) the spectrum for the lithium target obtained by the difference of the two spectra in Fig. 3(a) . The monoenergetic peak neutrons having ~2 MeV of the full width at half-maximum (FWHM) belong to the ground and the first 0.43 MeV excited states of 7 Be. The energy dispersion for the peak neutrons is almost attributed to the energy loss of incident protons with the lithium target thickness. The contribution of the peak neutron yields from the C(p,n) reaction is negligibly small, because the threshold energy of the 12 C(p,n) reaction is 19.6 MeV and the abundance of 13 C is only 1.1%. The threshold energy of 13 C(p,n) is 3.23 MeV.
The normalization of the neutron spectrum measured at CYRIC to the neutron flux during sample irradiation for the activation at INS was done using the radioactivity of 7 Be produced in the lithium target. The details concerning the p-Li neutron field have been reported in Refs. [13] [14] [15] . 20 cm away from the beryllium target and 15 cm from the lithium, respectively. Typical irradiation time was 5 hours with a proton beam intensity of ~2 μΑ. Under this irradiation condition, the neutron fluxes were 10 7 -10 s n/cm 2 /sec in both neutron fields.
Irradiation
Sample preparation for liquid scintillation counting
The tritium produced in the water was extracted by a distillation method using the device shown in Fig. 4 [16] in order to prevent interference from by-products induced by the target and its impurity in the liquid scintillation counting. The irradiated sample was transferred to flask-I and frozen by liquid nitrogen. After connecting to an empty flask-II, it was evacuated to 10 Pa while kept in its frozen state by liquid nitrogen. After evacuation, flask-II was soaked in liquid nitrogen while flask-I was heated by an infrared lamp. The frozen water in flask-I was then sublimated and trapped in flask-II. The water in flask-II was transferred into a 20 ml glass vial and mixed with the scintillator PACKARD PICO-FLUOR LLT, which was specially developed for counting samples containing low-level tritium radioactivity. The tritium measurements were performed using the liquid scintillation counter, PACKARD 2000CA/LL, at the Radioisotope Centre, University of Tokyo. Typical counting time was 500 min.
Results and discussion
The average cross section (σ Ερ ) for the energy range of the peak neutrons is calculated as follows. The reaction rate R is given by
where Ν is the number of target atoms, E th the threshold energy of the reaction, £ max the maximum energy of monoenergetic peak neutrons, σ{Ε) the activation cross section and Φ(Ε) the neutron energy spectrum.
Since the threshold energy of the 16 0(n,t) reaction (15.4 MeV) is lower than the minimum energy of peak neutrons (£ min ) produced at the incident proton energy region of 20-40 MeV, R consists of two parts; one is induced by the peak energy neutrons and the other by the low-energy neutrons:
where Φ Ερ is the neutron flux at peak neutron energy. Then, σ Ερ is calculated using
ΝΦ Ερ
Since Φ Ερ can be obtained from Eq. (5), we must determine the second integration term in the numerator. The calculation was performed by a simple iterative procedure starting from the lowest energy, moving to a higher energy and repeating the process until the value for σ Ε became constant. The results for tritium production at the p-Be and p-Li neutron fields are summarized in Tables 1 and 2 , respectively. The errors attached to the cross sections in these tables refer to those from the neutron-flux determination, tritium-counting statistics and efficiency, and the distance between the Li and the water target in the neutron irradiation. The excitation functions of 16 0(n,t) 14 N obtained for both neutron fields are shown in Fig. 5 . The two results agreed with each other within the experimental uncertainties, although the one at E" ~ 30 MeV, otained in the p-Be field, is apparently lower than the expected value. The cross sections increase from the threshold energy and gradually decrease after the peak position (-13 mb) around E n = 25 MeV. The obtained excitation function in 20 MeV < E n < 25 MeV is almost the same in shape as those at 15 MeV < E" < 20 MeV of the other (n,t) reactions appearing in Ref. [17] , There is no data for tritium production from oxygen, except for the integral crosssection of 8.5 ±1.5 mb, measured by 53 MeV deuteron break-up neutrons by Qaim and Wölfle [9] , because of the higher threshold energy of the 16 0(n,t) reaction. On considering the break-up neutron energy spectrum, in which the maximum intensity occurs at ~ 22 MeV and FWHM is 15.8 MeV, their cross section seems to be consistent with our results (also plotted in Fig. 5 ). Fig. 6 shows the trend of the tritium production cross sections around E" = 20 MeV as a function of the atomic number (Z) of the target element. The tritium formation cross sections decrease with an increase of target Ζ in the region of 4 < Ζ ^ 25, and are almost constant at higher Z. For the 16 0(n,t) reaction, the cross-section value at E" = 25 MeV is plotted in this figure, since the threshold energy of the 16 0(n,t) is ~5 MeV higher than those of (n,t) reactions from Be, Al, V and Co targets. The cross section at E" ~ 15 MeV is shown in the figure for the 14 N(n,t) reaction [10] for a similar reason to that mentioned above; the threshold energy of this reaction is 15 MeV smaller than the other (n,t) reactions. The plotted data at E" = 20 MeV from Be, Al, V and Co targets correspond to the cross sections at a neutron energy of ~(£ th + 10) MeV. On the other hand, those at 20 MeV from Nb, In and La correspond to the values at ~ (Coulomb barrier of triton and product system + 10) MeV, since the barrier energy is higher than the threshold energy in these targets. For Ta and Bi targets, where (Coulomb barrier + 10) MeV is ~ 24 MeV, the (n,t) cross sections at E n = 20 MeV are shown since no data exist above 20 MeV. Our result for 16 0(n,t) fits well with the value predicted from the systematics of (n,t) reactions. Conclusively, it can be confirmed that the (n,t) cross sections for light elements are exceptionally large probably due to occurrence of deuteron-and tritonlike structures which facilitate pick-up and knock-out reactions [6] , and that the emission of a triton in the medium-and heavy-mass regions, which occur via surface reactions, is relatively independent of the target nucleus [9, 17] .
